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Abstract 
The recent development of hemispheric and global gen-
eral circulation models has produced a need for an effi-
cient method of contour analysis. We will discuss a 
cathode ray tube (CRT) method of processing con-
toured data on standard map projections. A detailed 
explanation of the methods of making black-and-white 
and color movies is also included. 

1. Introduction 
The purpose of this paper is to discuss a method of 
graphical contour analysis of data from numerical ex-
periments on the simulation of the Earth's atmosphere. 
We have seen within the last few years a development 
of highly complex hemispheric and global numerical 
models. Among these are the models of Leith (1965), 
at the Lawrence Radiation Laboratory, University of 
California; Mintz (1965), at the University of California, 
Los Angeles; Smagorinsky, Manabe and Holloway 
(1965), and Manabe, Smagorinsky and Strickler (1965), at 
the Geophysical Fluid Dynamics Laboratory, Environ-
mental Science Services Administration; and, more 
recently, Kasahara and Washington (1967), at the Na-
tional Center for Atmospheric Research (NCAR). These 
models have been used successfully to simulate many 
of the large-scale features of the Earth's atmosphere. 
We shall discuss a method to process data generated 
by these models. The details of the method are somewhat 
unique to NCAR since they are a function of the type of 
equipment available. However, we expect that the con-
cepts can be extended to almost any type of graphical 
plotter. For our purposes, we had available a Control 
Data Corporation (CDC) 6600 computer and a Data 
Display 80 (dd80) graphical cathode ray tube (CRT) 
plotter. 

In Section 2 we shall discuss some problems associated 
with analysis of data from general circulation experi-
ments. In Section 3 a method of contouring data onto 
a cathode ray tube display device is outlined. Section 4 
describes various map projections, with the accompany-
ing transformation equations for the cylindrical, polar, 
and the orthographic projections. In Section 5 we ex-
plain the process by which black-and-white and color 
movies are generated. Finally, in Section 6 we note 
some future developments needed to improve the pro-
cessing of such data. 

2. Problems in data analysis 
Numerical models of the general circulation generate 
data at grid points in the vertical and horizontal dur-
ing each of many time steps. This numerical data must 
be converted to a form which is easily useable to a 
meteorologist. 

The data analysis problem is brought somewhat into 
perspective when it is shown that for the two-layer 
NCAR general circulation model (Kasahara and Wash-
ington, 1967) there are five data sets of approximately 
38,000 numbers generated in 1 min. The plan for fu-
ture models and computers, as outlined by Carroll and 
Wetherald (1967) and Kolsky (1966), is to increase the 
speed of such a calculation by as much as 500 times. 
It can only be guessed by what factor the data handling 
problem will be increased when this speed of calcula-
tion becomes an actuality. 

Fortunately the time step of a normal experiment, 
6 min in our case, generates small differences in the 
variable data set, and it is not necessary to save the data 
from every time step. The best approach so far has been 
to save data at some constant interval of model time for 
the purpose of observing hourly or daily large-scale at-
mospheric pattern developments. If the data for a given 
variable or variables are required at every time step, 
they can be approximated to a suitable degree of ac-
curacy by using an interpolation scheme to fit in needed 
data between the data sets that were saved. By this 
method the continuity of computed flow pattern is main-
tained, and a great deal of time is saved by not writing 
a data record on magnetic tape at every time step. 

The data sets are not in a suitable form for easy analy-
sis since the model generates numbers which are not 
scaled and adjusted to the types of units most commonly 
used. In order to see how well the model is accomplish-
ing its task of simulating the atmosphere, it is necessary 
to observe the output in a form which can be compared 
to that used for actual atmospheric data. This is done 
by transforming the data from their primitive form into 
quantities which can be represented by a graphical con-
tour map. This map is then superimposed on a given 
projection of the Earth's surface. 

3. Methods of contour analysis 
Two basic methods are used for two-dimensional con-
touring. One method is to follow a single contour from 
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beginning to end throughout the entire field and then 
to do the same with the next contour line until all con-
tours are plotted. This type of analysis is usually used 
with pen graph-plotters. (See Fawcett, 1962, for applica-
tion of this method to numerical weather analysis.) A 
second method is to compute all of the contours within 
a subregion of the field and then to move to another 
subregion until all of the subregions are completed. 

Before we discuss both methods, it will be useful to 
establish some conditions. T h e first is that the spatial 
location of a given point is a function of its two-dimen-
sional subscripts. T h e program is requested to contour 
a two-dimensional array Zi>} where i runs from 1 to m 
and j from 1 to n, as shown in Fig. 1. The Zi,} values can 

FIG. 2. Schematic for interpolation of 
contour endpoint. 

FIG. 1. Schematic presentation of two-dimensional 
grid network. 

be mapped onto x,y coordinates of the C R T scope by 
x = f(i,j) and y = g(i,j)> T h e / and g are transformation 
functions. We shall give several examples of transforma-
tion functions in Section 4. 

T h e second condition is that linear interpolation is 
sufficient to find the endpoints of a contour line between 
two adjacent Z values. T h e case of Z values being the 
same as the contour value must be taken into considera-
tion. We always treat equal values the same as values 
above the line. For a contour line passing between two 
Z values, one Z value must be above the contour line 
value ( + ) , the other below (—). Consider the case where 
Z i j is above the line and Ztj+i is below the line in Fig. 
2. T h e wanted endpoint of the contour line of value C 
is then determined as follows: 

ye = j + 7 Z < i 7 c ( ( 7 + 1 ) — j) 

where x0, yc denote the position of the contour endpoint 
before transformation to the C R T coordinates. 

It is in the determination of which Z values to inter-
polate that the two contouring methods differ. The sim-
plest logic is in what we call the "cell-at-a-time" method, 
which is efficient for a C R T type of contour analysis 
since a pen does not have to be raised and lowered into 

FIG. 3. Schematic of type of contour line. 

position. The entire array is taken to consist of inde-
pendent unit-cel-ls bounded by four adjacent Z values. 
Each unit cell is examined in turn and any contour line 
segments needed for any contour level are drawn before 
moving on to the next cell. For each contour level in 
each cell, the four corner-points are tested for being 
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above or below the contour line. If all are above or all 
below, there is no contour line segment at that level in 
the cell. As shown in Fig. 3, the remaining 14 possibili-
ties fall into one (or two) of the 6 possible line types 
from which the contour segment can be determined ex-
plicitly. The ambiguous cases (Fig. 3, o and p) are arbi-
trarily assigned, since it is necessary only to preserve 
consistency of treatment. 

While this contouring scheme is extremely simple and 
therefore fast, it has the drawback of redundant plot-
ter instructions. For example, as shown in Fig. 4, pro-
gram logic requires that c be calculated to find segment 
b, even though c was already calculated when segment 
a was drawn. This is a serious drawback when using 
a map projection with a complicated transformation 
formula. 

The second contour scheme eliminates the redundant 
instructions, but at the price of substantially more com-
puter logic. In this scheme, the beginning of each con-
tour line is found and then the line is completely drawn 
before going on to the next contour. Our scheme is 

adopted from Dayhoff (1963). Any contour line must be 
either wholly interior to the array, or start and end on 
the boundary. Again, points exactly equal to the con-
tour line value are considered to be above the line. 

The array is scanned in five parts, as shown in Fig. 5 
—first the bottom, then the right side, top, left side, and 
finally the interior. A contour line beginning as shown 
in Fig. 5 has associated with it a control point and trail-
ing point. The contour is followed by using the control 
point and searching the surrounding points to see where 
the contour crosses into a new cell. We have arbitrarily 
defined the control point as being above the contour 
line, and we search the surrounding points in a clock-
wise manner. Fig. 6 shows the surrounding eight points 
for the interior of the array. Some of the surrounding 
points are excluded on the boundaries and corners. Dur-
ing the search, each new end point is tested. If it is be-
low the contour value, we proceed until we find a value 
above. This means that the contour crosses between the 
last two surrounding points in the search. We then move 
the control point to the new cell and repeat the proce-
dure. A contour beginning on the boundary must end 
somewhere on the boundary. Interior contours end when 
the control point and the search position are identical. 
This can be verified by first drawing a grid with con-
tours on it and then following the above procedures. 

FIG. 4. Schematic of relationship of a contour in one box to 
the same contour in another box. 

4. Map projections 

Three basic projections are usually employed in nu-
merical simulation experiments of the Earth's atmo-
sphere. The cylindrical equal-spaced projection is the 
most frequently used at NCAR since it displays the en-
tire globe. A polar equidistant projection and an ortho-
graphic projection are also available. Sometimes the 
data over certain regions of the globe, e.g., the tropics, 
are of particular interest so that special-purpose projec-
tions are adapted to provide a more representative pic-
ture of the area. 

In the cylindrical equal-spaced projection (Fig. 7) the 
parallels and meridians are equally spaced so that the 

FIG. 5. Schematic of the sequence of operations in control 
point and search contour method. 
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parallels are their correct distance apart. T h e Xi,yi map-
ping of a point of latitude <p and longitude \ is given by 

Xi = a\ yi = a<p, 

where a is the mean radius of the Earth. One advantage 
of the cylindrical equal-spaced projection over other 
commonly used cylindrical projections, such as the 
Mercator, is that the entire globe is visible. T h e scale 
is preserved at the equator, and distortion increases to-
ward the poles. T h e poles are greatly exaggerated since 
the single polar point has been stretched out over the 
entire longitudinal range. Since the grid data of the 
NCAR model are at latitude-longitude intersections, and 
the cylindrical equal-spaced projection is basically in 
rectangular coordinates, the data from the model are 
contoured on the projection without transformation. 

T h e polar equidistant projection (Fig. 8) preserves 
true distance from a pole. As in the cylindrical equal-
spaced projection, the parallels in a polar equidistant 
projection are their correct distance apart. T h e trans-
formation for the polar projection is given by: 

X2 = cup' cos X y2 = acp' sin X, 

where </>' is colatitude. In this type of projection, distor-
tion increases with distance from the poles. One disad-
vantage of using the polar projection with a global gen-
eral circulation model is that two maps are necessary to 
view the entire globe. However, this type of projection 
is very useful for polar hemispheric studies. The polar 
stereographic projection, a modification of the polar 
projection, is also commonly used. 

T h e orthographic projection (Fig. 9) shows the globe 
as observed from infinity, and gives the viewer the illu-
sion of perspective and depth. The spacing of parallels 
and meridians is not uniform (Steers, 1962). T h e trans-
formation of a point (X, Y, Z) on the surface of a globe 
to a point (xs, ys, z3) on a plane that passes through the 
center of the globe will be given. We shall assume that 

FIG. 8. The sea-level pressure distribution on a polar equi-
distant projection with a contour interval of 5 mb. 

the perpendicular of the plane is centered over a fixed 
latitude <p0 and longitude Xo. T h e transformation equa-
tions are: 

x3 = — sin X0X + cos XoF, 
y3 = — cos Xo sin <p0X — sin Xo sin (poY + cos <p0Z, 
z3 = cos Xo cos (p0X + sin Xo cos (pQY -f- sin (p0Z} 

where 

X = a cos (p cos X, Y = a cos cp sin X, Z = a sin <p, 
Xo = X + 90°, <p0 = 90° - <p, 

and 

0 < X < 2tt, - t t / 2 < <p < tt/2. 

FIG. 7. The sea-level pressure distribution on a cylindrical equal-spaced projection with a contour 
interval of 5 mb. 
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Verification of the above equations can be made by re-
ferring to the schematic of Fig. 10. The plane of pro-
jection is defined by x,y coordinates. As shown in the 
lower part of Fig. 10, we can rotate counterclockwise 
the x axis of the plane to the X axis of the sphere 
through the angle \ + 90°, and rotate the y axis to the 
Z axis through the angle 90° — </>. This gives all of the 
axes coincidence, and yields the above transformation 
equations (explained by Baldwin, 1963). We should 
point out that if the transformed point (x3, ys, z8) has a 
negative zs value, then that point is not visible, i.e., it 
is beyond the horizon. There is a great deal of distortion 
around the horizon in the orthographic projection. How-
ever, this projection can be centered over any given 
point on the globe, and it is used when a particular area 
is of special interest. 

When regions such as the tropics are of particular 
interest, special-purpose projections are constructed. In 
our work, for example, the cylindrical equal-spaced pro-
jection has been modified for tropical studies (Fig. 11). 
The map is divided into two sections to achieve higher 
resolution on the C R T plotter, which in our case has a 
square coordinate system. 

5. Method of making black-and-white and color 
movies 

The making of computer-generated motion pictures of 
numerical weather prediction data is relatively new. 
However, the use of such movies in computer simula-
tion of hydrodynamical flow is not new. Welch (1966), 
for example, shows the development of water waves in 
movie form. There are many reasons for making movies 
of weather data. For example, one can easily digest many 

interesting features in movies that cannot be seen by 
looking at maps once or twice a day. 

The process by which we make computer-generated 
movies of weather data has resulted from experimenting 
with many different combinations of factors. As men-
tioned in Section 2, we save all fields on a magnetic tape 
every 4 hr of model time. We then compute time-
smoothed values of the quantity which is being dis-
played using the following formula: 

Z t = ai(Zt+At Z« + Z<"A 0, 

where Z is the smoothed value, Z is the unsmoothed 
value, t is time, At is the time interval (4 hr in our 
case), and ft are smoothing parameters equal to 0.25 
and 2.0, respectively. This type of smoothing heavily 
damps motions with a period of 2At, motions which 
would be quite noticeable in a movie since they cause 
very rapid changes. The time-smoothed values are then 
interpolated between two time-intervals, say, t and 
(t + At). In our current movies, we interpolate 20 frames. 
A space-smoothing is finally applied to the interpolated 
fields to rid them of small-wavelength noise. 

Zli,j = a2[ZVf 1,2+1 + Z'i+i.j-i + i,J-i 
+02 (ZU+i.i + 2%i-M + Z'i.i+i + 1) + T22'i.il 

where «2 = 1/16, jS2 = 2, and y2 = 4. The above formula 

FIG. 9. The sea-level pressure distribution on an ortho-
graphic projection with a contour interval of 5 mb. The 
projection is centered over 45N, 95W. 
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FIG. 10. Diagram of projection plane and the sphere. 
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FIG. 11. The sea-level pressure distribution on a cylindrical equal-spaced projection for the 
tropics with a contour interval of 1 mb. 

has proved quite satisfactory in ridding the field of 
small-scale features. 

Thus far, the process which we have outlined ap-
plies both to black-and-white and to color movies. From 
this point, procedures for generating the two types of 
film begin to differ. The black-and-white movies are 
made by causing consecutive frames to be printed over 
a given time interval of several days. A continuous film 
strip, which has all the titles and contoured informa-
tion, is spliced together. The movie is then reduced from 
35-mm film generated on the dd80 to 16-mm film for 
more convenient use. 

The color movies are made from black-and-white mov-
ies using various techniques. Each part of the movie 
which is to have a different color is printed on its own 
black-and-white frame. For example, if we want to make 
a movie of the sea-level pressure distribution superim-
posed on a given map projection, the sea-level pressure 
will be in yellow and the map projection in blue on the 
final film. 

The same methods are used for generating the con-
toured field information as are used for black-and-white 
movies. T h e difference is in how the initial film is made 
on the dd80. We make alternate frames of black-and-
white film with one frame having just the map projec-
tion and continent outline and the alternate frame 
having the sea-level contours. This process eliminates 
visible C R T image-drift and provides absolute registra-
tion within the frame in the finished film. 

A new 35-mm color intermediate negative film is cre-
ated from this initial film, using a special-effects optical 
film printer. For our example, the initial film is run 
through this printer twice, once for each color. T h e 
first pass through is with a blue filter, and the map 
projection and continent outline are exposed in blue. 
Both films are then rewound, the printer reset to print 
the alternate frames of sea-level pressure contours, and 
the blue filter replaced by the yellow. During the sec-
ond pass, the sea-level pressure contours are exposed on 
top of the map projection. By processing the color nega-
tive film, a master color negative is created. The 35-mm 
master color negative can then be printed onto 16-mm 
color film for the finished film. This scheme, which can 
be used for several colors, involves one difficulty: the 
process causes the image to turn white when colors 
overlap. This, however, is not a severe problem if, say, 
the map projection and the contours do not overlap 
excessively. A color process that does not have this lim-
itation awaits the further development of color C R T 
equipment. 

Recently we have been able to include clouds in our 
color movies. Clouds are included by relating their pres-
ence and intensity to either the upward vertical velocity 
or to the moisture content. If the cloud intensity is 
large within a unit horizontal mesh cell, many plus ( + ) 
signs are plotted, but if the cloud intensity is low, few 
plus signs are plotted. It does not make much difference 
whether vertical motion or moisture are used as the 
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cloud indicator as long as we allow for cloud-free re-
gions. For example, we assume that clouds do not exist 
wherever the vertical velocity is less than 0.5 cm sec-1. 
By varying this value slightly, we can change the size of 
the cloudy area. Earlier it was mentioned that the initial 
film must be run twice through the special-effects optical 
film plotter in order to obtain a two-color movie. This 
part of the processing is unchanged. The clouds are 
superimposed on the intermediate negative film without 
the use of a color filter; therefore, the color of the clouds 
is white. In order to avoid creating distinct plus signs 
on the negative, the lens of the printer is adjusted to 
make the plus signs out of focus. The result is fuzzy 
white clouds which show a good correlation to the large-
scale weather patterns (see cover photograph). 

6. Possible future developments 
One of the methods of increasing the information con-
tent of graphical plotting is to use colors to indicate 
interactions of different fields. The method described in 
this article is to superimpose different colors, but, as 
we mentioned, some difficulty is encountered wherever 
colors overlap. What we would like to see developed is 
a C R T device which will plot in different colors with-
out this limitation. 

Another valuable innovation would be the use of 
holography for graphical displays (Pennington, 1968). 
Holography allows for realistic photography of three-
dimensional objects. If its techniques can be developed 
to reveal the three-dimensional structure of the atmo-
sphere, we will then be able to increase greatly the in-
formation content of a single graphical display. 
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